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ABSTRACT
Gravitational microlensing is a powerful tool to search for a population of invisible black holes (BHs) in the
Milky Way (MW), including isolated BHs and binary BHs at wide orbits that are complementary to gravita-
tional wave observations. By monitoring highly populated regions of source stars like the MW bulge region,
one can pursue microlensing events due to these BHs. We find that if BHs have a Salpeter-like mass function
extended beyond 30M and a similar velocity and spatial structure to stars in the Galactic bulge and disk re-
gions, the BH population is a dominant source of the microlensing events at long timescales of the microlensing
light curve & 100 days. This is due to a boosted sensitivity of the microlensing event rate to lens mass, given
as M2, for such long-timescale events. A monitoring observation of 109 stars in the bulge region over 10 years
with the Rubin Observatory Legacy Survey of Space and Time (LSST) would enable one to find more than
3 × 104 BH microlensing events. We evaluate the efficiency of potential LSST cadences for characterizing the
light curves of BH microlensing and find that nearly all events of long timescales can be detected.
Keywords: gravitational lensing: micro – stars: black holes – Galaxy: general
1. INTRODUCTION
Since the first detection of GW150914 (Abbott et al.
2016a), the LIGO/Virgo gravitational wave (GW) interfer-
ometer network has and will continue to reveal a population
of binary black hole (BBH) systems (Abbott et al. 2019a).
All ten of the reported BBH systems possess heavier masses
than the mass scale of 5–10M that was previously antici-
pated from observations of X-ray binary systems (Bailyn et al.
1998). The lightest system of GW BBHs is GW170608 with
an inferred total mass of 18.7M (Abbott et al. 2017), while
the heaviest system is likely GW170729 (Abbott et al. 2019b)
with an inferred total mass of 85M. Thus, the discovery of
GW BBH systems has triggered an intense debate in the ori-
gin and formation channels of such massive BHs.
There are several BBH formation channels that have been
proposed in the literature. These include the following: from
binary systems of massive stars, e.g. through common enve-
lope evolution in low-metallicity environments (e.g. Bethe &
Brown 1998; Belczynski et al. 2002, 2016); through mergers
of lighter mass BHs in star clusters (e.g. Portegies Zwart &
McMillan 2000) and galactic nuclei (e.g. Antonini & Perets
2012); or through gas drag and stellar scattering in accretion
disks surrounding super-massive BHs at the center of galax-
ies (e.g. McKernan et al. 2012; Yang et al. 2019). Finally, GW
BBHs could originate from a primordial BH population that
might have formed in the early universe (Sasaki et al. 2016;
Bird et al. 2016; Kusenko et al. 2020; Carr et al. 2020). Thus
the origin of GW BBHs involves rich physical processes and
an observational exploration of BHs is mandatory in the next
decade of astronomy.
Gravitational microlensing (Paczynski 1986; Griest et al.
1991) can serve as a powerful tool to observationally search
for BH candidates or more generally any compact objects in
our Milky Way (MW) Galaxy. When a lens is almost per-
fectly aligned with a background source star along the line-
of-sight direction of an observer, the light of a source star is
magnified, causing a characteristic light curve as a function
of observing time. The timescale of a light curve depends
on the lens mass and the relative velocity between the lens,
source, and observer (Han & Gould 1995, 1996). Various
experiments/observations have shown that microlensing can
be used to constrain a population of BHs and other invisible
or very faint objects such as exoplanets, brown dwarfs and
free-floating planets (Alcock et al. 2000; Sumi et al. 2003;
Beaulieu et al. 2006; Tisserand et al. 2007; Sumi et al. 2011;
Mro´z et al. 2017; Niikura et al. 2019b,a; Sugiyama et al. 2020;
Wyrzykowski & Mandel 2020).
Hence the purpose of this paper is to study how microlens-
ing can be used to study a population of BHs in the MW
Galaxy. To do this, we consider a scenario in which BHs
corresponding to GW counterparts have formed from mas-
sive main-sequence (MS) star progenitors that formed in the
assembly history of our Galaxy (Helmi 2020). Assuming a
shape of the BH mass function, i.e. a power-law, Gaussian,
and their superposition, we study the expected number of mi-
crolensing events and the distribution of microlensing light-
curve timescales for each of the assumed BH mass functions.
The critical assumption we employ in this paper to normal-
ize the BH mass function is the “number conservation” be-
tween MS star progenitors and the resulting BHs. With this
assumption, we can infer the expected number and spatial dis-
tribution of BHs from the assumed initial mass function of
zero-age MS stars, if we employ the standard model of the
Galactic bulge and disk (Binney & Tremaine 2008), which
determines the abundance and spatial distribution of surviv-
ing low-mass MS stars (see Niikura et al. 2019a, for the sim-
ilar approach). In addition, we assume that BHs follow the
same velocity distribution as that of MS stars in the disk and
bulge regions, which are well constrained by various observa-
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tions such as the proper motion measurements by the SDSS
(Bond et al. 2010) and Gaia datasets (Gaia Collaboration et al.
2018). We will then examine how different shapes of BH
mass function lead to different distributions of microlensing
light curve timescales. To evaluate a concrete prospect of a
BH search with microlensing, we will consider a hypothetical
10-year monitoring observation of stars in the Galactic bulge
region with the Rubin Observatory Legacy Survey of Space
and Time (LSST)1 (Ivezic et al. 2008; Lu et al. 2019; Lam
et al. 2020; Drlica-Wagner et al. 2019; Godines et al. 2020).
This paper is structured as follows. In Section 2 we review
the basics of microlensing and the event rates of microlens-
ing for source stars in the Galactic bulge. In Section 3 we
describe the details of our model of the mass function, spatial
distribution and velocity distribution of BHs. In Section 4 we
show the main results of this paper. We end with a discussion
and conclusion (Section 5).
2. MICROLENSING BASICS AND THE EVENT RATE
In this section we describe our model of microlensing ef-
fects on a source star in the Galactic bulge region that are
caused by lensing objects, stars and stellar remnants, in the
Galactic bulge and disk regions.
2.1. A timescale of microlensing light curve
When a source star and a lens are almost perfectly aligned
along the line-of-sight direction of an observer, the star is mul-
tiply imaged due to strong lensing (Paczynski 1986). If these
multiple images are unresolved, the flux from the star appears
magnified. The light curve, or amplification, of such a mi-
crolensing magnification event is given by
A(t) =
u2 + 2
u
√
u2 + 4
, (1)
where u(t) is the separation between the source star and the
lens at an observation epoch t. The impact parameter as a
function of time is given by
u(t) =
√
u2min +
(t − t0)2
t2E
, (2)
where umin is the minimum impact parameter, t0 is the time
where the two objects are closest on the sky and tE is the
crossing time of the Einstein radius. Throughout this paper
we use tE to characterize the timescale of a microlensing light
curve:
tE ≡ REv =
√
4GMdldls/ds
cv
, (3)
where RE is the Einstein radius, M is the mass of the lensing
object (which is assumed to be a point mass throughout this
paper), v is the (total) relative velocity on the two-dimensional
plane perpendicular to the line-of-sight direction (see below),
dl and ds are distances to the lens and source, respectively,
and dls is the distance between lens and source (dls ≡ ds − dl).
Note that since we are interested in massive BHs with mass
& 10M, we can safely ignore the finite source size effect and
the wave effect of optical wavelengths for such massive BH
microlensing (Sugiyama et al. 2020).
1 https://www.lsst.org
If we plug typical values of the physical quantities into
Eq. (3), we can find a typical timescale of the microlensing
light curve as
tE ' 242 days
(
M
30 M
)1/2 (dldls/ds
4 kpc
)1/2 ( v
220 km/s
)−1
. (4)
This equation shows that a LIGO-counterpart BH of 30 M
mass scale causes a microlensing event whose light curve has
a typical timescale of 240 days. Hence, to hunt such BHs
with microlensing, we need a long baseline of a monitoring
observation that spans over more than a few years. More
exactly speaking, we need to take into account the distribu-
tion of relative velocity v in the above equation, which causes
a wider timescale distribution of the resulting microlensing
light curves, as we will show below.
2.2. Coordinate system
Let us first begin by defining our Cartesian coordinate sys-
tem. We assume that the xy-plane is in the plane of the Galac-
tic disk, and the z-direction is in the perpendicular direction
to the Galactic disk. Then we take the Galactic center to be
the coordinate origin and the x-axis to be along the direction
connecting the Galactic center and the Sun. Hence we as-
sume that the position of the Sun is given by (x, y, z) =
(8 kpc, 0, 0). In this paper, we consider microlensing obser-
vations towards the Galactic bulge region since many source
stars are available and the optical depth of microlensing is
high, as shown in the previous observations, such as the Opti-
cal Gravitational Lensing Experiment (OGLE) (Udalski et al.
1994; Mroz et al. 2018). In the Galactic coordinate system
(`, b), the Galactic bulge region is around ` = b = 0. For
a given observation region with Galactic coordinates (`, b),
the Cartesian coordinates for a lensing object at distance dl is
given as (x, y, z) = (dl cos b cos `, dl cos b sin `, dl sin b). Fol-
lowing the method in Niikura et al. (2019a), we consider
(`, b) = (1.0879◦,−2.389◦) for a hypothetical observation re-
gion on the sky.
2.3. Event rate of microlensing
The optical depth of microlensing, τ, gives a probability
that a single source star in the bulge region experiences mi-
crolensing by foreground lensing objects at a given moment.
It is given by the line-of-sight integration of the microlensing
cross section as
τ ≡
∫ ds
0
ddl
∫
dM nl(dl; M)piR2E , (5)
where nl(M; dl)dM is the number density distribution of
lenses in the mass range [M,M+dM] and at distance dl – more
explicitly, at the coordinate position (xl, yl, zl) ≈ (dl, 0, 0) – for
a microlensing observation towards the Galactic bulge region.
The dimension of nl(M; dl)dM is [(pc)−3]. Here we define the
optical depth by microlensing events during which a source
star and a lensing object are closer than the Einstein radius
RE on the sky, or equivalently, by microlensing events with
magnification greater than A(u = RE) ' 1.34 (Eq. 1). The
standard Galactic model, which describes the spatial distri-
bution of main-sequence stars in the Galactic bulge and disk
regions, yields τ ∼ 10−6 (Paczynski 1986; Griest et al. 1991;
Han & Gould 1995). That is, if we observe a million stars
at once, at least one source star is expected to undergo mi-
crolensing at each moment. For microlensing due to a lensing
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object in the Galactic bulge, i.e. when a lensing object and a
source star are both in the Galactic bulge, we need to take into
account the relative distributions of lens and source objects
within the bulge region. This introduces an additional inte-
gration in the above equation. It is straightforward to evaluate
the bulge contribution, e.g. following the method in Niikura
et al. (2019a). For notational simplicity, we give the equa-
tions for the microlensing quantities for a case that a lensing
object is in the Galactic disk region. For microlensing events
of long timescales, which are the main focus of this paper,
microlensing due to lenses in the Galactic disk makes a dom-
inant contribution compared to the bulge-bulge lensing.
Now we consider the microlensing event rate for a single
source star per unit observation time. Following the formu-
lation in Niikura et al. (2019a) (also see Griest et al. 1991;
Han & Gould 1995, 1996, for the pioneer work), the differen-
tial event rate of microlensing events that have a light curve
timescale of [tE , tE + dtE] is given as
dΓ
dtE
≡ d
2τ
dtobsdtE
= 2pi
∫ ds
0
ddl
∫
dM nl(dl; M)RE(M, ds, dl)
×
∫ ∞
0
dv⊥
∫ pi/2
−pi/2
dθ v2⊥ cos θ f (v⊥, θ)
× δD
(
tE − 2REv⊥ cos θ
)
= pi
∫ ds
0
ddl
∫
dM nl(M; dl)
∫ pi/2
−pi/2
dθ v4⊥ f (v⊥, θ), (6)
where v⊥ = 2RE/[tE cos θ], v⊥ is the relative velocity vector
between an observer, lens, and source star (see below) in the
two-dimensional plane perpendicular to the line-of-sight di-
rection; θ is defined via v⊥ ≡ (vy, vz) = v⊥(cos θ, sin θ); and
f (v⊥) is the velocity density function whose dimension is de-
fined so that v2⊥ f (v⊥) is dimension-less. The dimension of the
differential event rate is [dΓ/dtE] = [events/day/day]. For
bulge-bulge lensing, we need to perform an additional inte-
gration to take into account the relative distribution between
a lens and a source star, which is straightforward to do, e.g.
following Eq. (13) in Niikura et al. (2019a).
The relative velocity for a source-lens-observer system, rel-
evant for the microlensing event rate, is given as
v⊥ = vl −
(
dl
ds
vs +
dls
ds
vo
)
= vl − [βvs + (1 − β)vo] , (7)
where β ≡ dl/ds, and vs, vl, and vo are respectively the ve-
locities of a source star, lens and observer (us) with respect
to the rest frame of the Galactic center. We assume that the
velocity of an observer is the same as that of the Sun, i.e. we
ignore the motion of the Earth. That is a good approximation
because the orbital motion of the Earth with respect to the Sun
(∼ 30 km s−1) is much smaller than that of the Sun with re-
spect to the Galactic center (∼ 220 km s−1). Throughout this
paper, we assume that the velocity of an observer is given as
vo = (0, 220, 0) km s−1; that is, we assume |vrot| = 220 km s−1
for the Galactic rotation velocity.
To gain some insight into the following results, we here dis-
cuss asymptotic behaviors of the microlensing event rate. In
the standard Galactic models, the disk rotation of the Sun (i.e.
an observer) is responsible for the dominant contribution to
the relative velocity. Qualitatively, the velocity function is
given as
f (v⊥) ∼ 12piσ2v
exp
[
− (v⊥ − v¯rot)
2
2σ2v
]
, (8)
where σv is the velocity dispersion around the mean motion.
Combining Eqs. (6) and (8), we can find that the event rate
for a fixed timescale tE and lensing objects of mass scale M is
given as
dΓ
dtE
∝
∫ ds
0
ddl
∫
dM nl(M)
R4E
t4E
f
(
v⊥ ' REtE ; vrot, σv
)
∝
∫ ds
0
ddl
∫
dM nl(M)
M2
t4E
f
(
v⊥ ' REtE ; vrot, σv
)
, (9)
where we have used the fact RE ∝ M1/2. Thus we find
dΓ/dtE ∝ (M2/t4E) × f (v⊥ ∼ M1/2/tE). This means that for
fixed tE the event rate is boosted for more massive lenses, as-
suming all lensing objects have similar spatial and velocity
distributions independently of mass. Recalling that the veloc-
ity function peaks at v⊥ ∼ vrot (Eq. 8), the event rate peaks at
a particular time scale tE satisfying tE ∼ RE/vrot ∝ M1/2/vrot.
Thus, a heavier lens tends to produce a longer timescale
lensing event, as expected. If we consider an even longer
timescale satisfying tE  RE/vrot for the same lens popula-
tion of a fixed M, we find dΓ/dtE ∝ M2/t4E because f (v⊥ '
RE/tE) ∼ exp(−v2rot/2σ2v) ∼ constant for v⊥ ' RE/tE  vrot;
that is, the event rate has similar dependencies on tE and M
for all lens populations at this limit. With these facts in mind,
we can see that, even if an abundance of BHs of 30M mass
and above is much smaller than that of main-sequence stars at
M <∼ 1 M, BHs can be a dominant source of long timescale
microlensing events, as we will show below more quantita-
tively.
3. MASS FUNCTION AND SPATIAL AND VELOCITY
DISTRIBUTIONS FOR BH
To evaluate the microlensing event rate, we need to model
the number density distribution (spatial distribution) and the
velocity distribution of lensing objects in the Galactic bulge
and disk regions. In this section we describe our models of
these quantities.
3.1. Mass functions of ZAMS stars and stellar remnants
We need to model mass functions (abundances) of lens-
ing stars and stellar remnants to calculate the microlensing
event rate. By stellar remnants we mean white dwarfs (WD),
neutron stars (NS) and BHs, which are very faint or invis-
ible, and therefore their genuine abundances are poorly un-
derstood. Throughout this paper we adopt the unified initial
mass function of stars at birth, i.e. zero-age main-sequence
stars (ZAMS), in both the Galactic bulge and disk regions.
We then assume that, by today, massive stars of MZAMS ≥ M
have already evolved to form stellar remnants (WD, NS and
BH). For visible objects, i.e. surviving main-sequence stars,
we have a good idea of their spatial distribution in both the
Galactic bulge and disk regions, which is hereafter referred to
as the standard model of the Galactic structure. Our approach
is to estimate the abundance of each stellar remnant popu-
lation relative to that of main-sequence (MS) stars, assum-
ing the number conservation between the ZAMS progenitors
of the remnant population at birth and the remnants today.
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Figure 1. Broken power-law, red curve denotes the initial mass function of
main-sequence stars assuming the Kroupa-like model (see Eq. 10). Note
that y axis is in an arbitrary scale. We assume that each massive star with
MZAMS ≥ 1 M has already evolved into its respective stellar remnant: white
dwarfs (WD) for stars with 1 ≤ MZAMS/M ≤ 8 following the initial and
end mass relation, MWD = 0.339 + 0.129Minit (blue line), neutron stars (NS)
for 8 ≤ MZAMS/M ≤ 20 (green), and astrophysical black holes (BH) for
MZAMS ≥ 20 M, respectively. For BHs, we consider two models of the
mass function; the black dashed line shows a Gaussian model with mean
Mfinal = 7.8M and width σ = 1.2M, while the black solid line shows the
power-law mass function with slope αBH = 2, i.e. the same slope as that
for the ZAMS stars at the high mass end. For NS, we adopt the Gaussian
model with Mfinal = 1.33M and σ = 0.12M (green line). Because of
the number conservation, the area under the curve for each stellar remnant,∫
d ln M dn/d ln M, is the same as the area of the IMF over the corresponding
range of initial main-sequence star masses (the two shaded regions of similar
color have the same area).
In our method, we include neither possible spatial inhomo-
geneities in the ZAMS mass function or stellar populations
nor the star formation history, for simplicity. These simpli-
fied assumptions are appropriate here because we consider the
abundances of stellar remnants relative to that of MS stars ob-
served today. In addition, as long as the initial mass function
of stars at birth has a similar form at each epoch of the star for-
mation activities in the past (extending to sufficiently massive
stars), the following results capture the main characteristics of
the microlensing event rates. Nevertheless, these assumptions
need to be revisited more carefully, and we should keep them
in mind as a caveat of this approach.
We assume the following broken power-law mass function
for ZAMS stars at birth: the number of stars in each logarith-
mic mass interval is given as
dns(M)
d ln M
=

AMS
(
M
0.5 M
)1−αMS1
, (0.08 ≤ M/M ≤ 0.5)
AMS
(
M
0.5 M
)1−αMS2
, (M/M ≥ 0.5),
(10)
where AMS is the normalization constant that we will deter-
mine later; AMS has a dimension of [(pc)−3]. In the follow-
ing, we often omit the subscript “ZAMS” to denote mass of
ZAMS star, MZAMS, for notational simplicity. We adopt the
Kroupa-like model for the mass function. Our default choices
are αMS1 = 1.3 and αMS2 = 2.0 (Kroupa 2001), because such
a model nicely reproduces the timescale distribution of mi-
crolensing events in the OGLE observation as shown in Mroz
et al. (2018) (also see Sumi et al. 2003, 2011; Niikura et al.
2019a). The number of ZAMS stars is dominated by low-
mass stars.
Massive stars with M ≥ M have rapid evolution, and
we assume that such massive stars have already evolved
to stellar remnants. We assume ZAMS stars with M ≤
MZAMS ≤ 8M have evolved to WDs, ZAMS stars with
8M ≤ MZAMS ≤ 20M to NSs, and ZAMS stars with
20M ≤ MZAMS ≤ 100M to BHs. The critical assumption
that we adopt throughout this paper is the number conserva-
tion between ZAMS stars and the stellar remnants. That is,
we impose the number conservation:∫ MZAMSSR,u
MZAMSSR,b
d ln M
dns
d ln M
=
∫ ∞
0
d ln MSR φ(MSR), (11)
where φ(MSR) denotes the mass function of each stellar rem-
nant (SR) population (WD, NS or BH) in the logarithmic mass
interval, and MZAMSSR,b and M
ZAMS
SR,u denote the lower- and upper-
boundary masses, respectively, for the progenitor ZAMS stars
of each stellar remnant; e.g., for WD, MZAMSWD,b = M and
MZAMSWD,u = 8M. MSR is the mass of the stellar remnant.
In the following, we describe the mass function for each
population and how to determine the normalization.
• White dwarf (WD) – We assume that WDs form from
ZAMS stars whose mass is not high enough to have a
supernova explosion (1 ≤ MZAMS/M ≤ 8). After the
red giant stage in the stellar evolutionary track, WDs
are formed from the core of a star composed of carbon
and oxygen. Here we adopt a simple mass conversion
between the progenitor ZAMS mass and the final WD:
MWD = 0.339 + 0.129M (MWD and M are in units of
M) (Williams et al. 2009). Hence the mass function of
WD is computed from
φWD(MWD)d ln MWD =
dns
d ln M
∣∣∣∣∣
M=M(MWD)
d ln M. (12)
The WD mass function is found to be
φWD(MWD) =
dns
d ln M
∣∣∣∣∣
M=M(MWD)
d ln M
d ln MWD
= AMS
(
MWD − 0.339
0.129 × 0.5M
)1−αMS2 MWD
MWD − 0.339 . (13)
• Neutron star (NS) – NSs originate from core-collapse
supernovae of massive stars. Here we assume that mas-
sive ZAMS stars with 8 ≤ MZAMS/M ≤ 20 evolve into
NSs. We employ a simplified model; we assume that
the mass function of NS follows a Gaussian distribu-
tion, so number conservation gives∫ ∞
0
d ln MNSφNS(MNS) =
∫ M=20
M=8
d ln M
dns
d ln M
, (14)
with
φNS(MNS)d ln MNS ≡ ANS√
2piσNS
exp
− (MNS − M¯NS)2
2σ2NS
 dMNS,
(15)
where ANS is the normalization parameter (see below),
and we adopt M¯NS = 1.33M and σNS = 0.12M.
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Eq. (14) relates the normalization parameter ANS to the
normalization parameter of ZAMS, AMS, as
ANS =
AMS
1 − αMS2
( 200.5
)1−αMS2
−
(
8
0.5
)1−αMS2 . (16)
Once the normalization of ZAMS mass function, AMS,
is given, it determines the normalization of the NS mass
function, ANS. Due to the Chandrasekhar limit (Shapiro
& Teukolsky 1983), NSs greater than a maximum mass
limit (∼ 2M) do not exist (also see O¨zel & Freire 2016,
for a review).
• Black hole (BH) – BHs similarly originate from core
collapse supernovae or perhaps direct collapse of very
massive stars. However, the mass function of the re-
sulting BHs is poorly known. Before the LIGO GW
observations, it was thought that BH masses are in a
narrow range around ∼ 8 M based on observations
of X-ray binaries (Bailyn et al. 1998). However, the
LIGO GW observations have revealed the existence of
more massive BHs. The 10 GW events of BBH merg-
ers, found by the OI/OII runs of the LIGO/VIRGO
collaboration, indicate that a mass function of the BH
progenitors is consistent with a Salpeter form, given
as dn/dMBH ∝ M−2.3BH , although the constraint on the
power-law slope is not tight (Abbott et al. 2019a). In
this paper, we study how microlensing observation can
be used to explore the shape of the BH mass function,
and will consider several models of the BH mass func-
tion. Once the shape of BH mass function is assumed,
we determine the normalization via the identity:∫ ∞
0
d ln MBH φBH(MBH) =
∫ M=100
M=20
d ln M
dns
d ln M
. (17)
Throughout this paper we employ 100M for a maxi-
mum mass scale of ZAMS progenitors of BHs. This
is not an important assumption, because the integra-
tion on the r.h.s. of the above equation is dominated by
the lower bound, 20M. Even if we change the upper
bound to 70M from 100M, it changes the abundance
of BHs only by 10%.
The number conservations relating ZAMS stars to the sur-
viving main-sequence stars and the stellar remnants give the
following ratios of the numbers between different popula-
tions for our fiducial model of ZAMS initial mass function
(αMS1 = 1.3 and αMS2 = 2.0 in Eq. 10)2:
MS:WD:NS:BH = 1 : 0.13 : 0.011 : 0.0058. (18)
Since our MW Galaxy consists of about 1011 stars, the ratio
above means that there should be about 0.6 billion BHs in the
MW in total, including both isolated systems and binary sys-
tems. As we described above, once the normalization param-
eter of ZAMS mass function, AMS, is given, we can obtain the
normalizations of the mass functions for WD, NS, and BH.
This is a critical procedure for the results in this paper.
The purpose of this paper is to discuss how a microlensing
observation can be used to constrain the BH mass function.
2 The ratios given in this paper are slightly different from those in Niikura
et al. (2019a). The difference is from the fact that we assume M = 100M
for a maximum mass of the ZAMS stars in this paper, while Niikura et al.
(2019a) used M = 40M.
Hence we here employ a simple model for the BH mass func-
tion that is given by a handful of parameters. We consider the
following power-law mass function as our default model:
φBH(M) ∝ M1−αBH for Mmin ≤ M ≤ Mcut, (19)
where αBH is a parameter to model the power-law index, Mmin
is a parameter to model the minimum BH mass, and Mcut is
a parameter to model the maximum BH mass or the cut-off
BH mass. Note that the power-law index is 1 − αBH instead
of simply αBH since we define the mass function, φBH, as the
number density per logarithmic interval of mass (dn/d ln M).
Our default model is given by αBH = 2.0, Mmin = 8 M,
and Mcut = 70 M. This model leads to M¯ ' 19.6M for
the average mass and M0.45 ' 13.3M corresponding to the
mass point where the normalized fraction of BHs is in the
45th percentile. The latter number might be compared to Ta-
ble 4 in Woosley et al. (2020). The number fraction of BHs
above a certain mass is f = 0.77, 0.32, 0.17, 0.097, 0.05 or
0.02 for BHs with masses greater than 10, 20, 30, 40, 50 or
60M, respectively. Combining this with Eq. (18), our de-
fault model assumes about 5.6× 10−4(' 0.0058× 0.097) BHs
of M ≥ 40M per main-sequence star.
Fig. 1 illustrates how the mass function of ZAMS stars is
related to mass functions of the stellar remnants, WD, NS and
BH. As we described, ZAMS stars with MZAMS > 1 M in the
MW disk and bulge regions have already evolved into their re-
spective stellar remnants. Since we impose the number con-
servation between the number of the progenitor ZAMS stars
and that of the stellar remnants, the areas of the correspond-
ingly colored shaded regions are the same. For BH, the black
dashed line denotes the mass function that was thought rea-
sonable before the LIGO GW observation; BHs have a nar-
row Gaussian distribution of their masses around 7.8 M. The
black solid line shows a Salpeter-like mass function, which is
consistent with the 10 BBH GW events of the LIGO/Virgo
observation (Abbott et al. 2019a); here we assume αBH = 2.0,
Mmin = 8 M and Mcut = 70 M for the parameters in
Eq. (19). The areas under the dashed and solid black lines are
the same, but these two models lead to totally different distri-
butions of the microlensing timescales thanks to its strong de-
pendence of the event rate on mass (dΓ/dtE ∝ M2), as we will
show below. Note that we assume there is a mass gap between
NS and BH, in the range of ∼ [2, 5] M, although there is a
recent claim finding a BH in this mass range (Wyrzykowski
& Mandel 2020).
Furthermore, we assume a binary fraction of 0.4. For sim-
plicity, we consider equal-mass binary systems: we treat mi-
crolensing of binary systems as a lens with mass Mbinary = 2M
for each population. We do not consider binary systems that
contain two objects of different masses or contain two objects
of different populations (e.g., MS-WD system) for simplicity.
Consequently we decrease the number of lens systems from
the above numbers in Fig. 1 by the binary fraction. Including
the binary systems gives a slightly improved agreement be-
tween the model predictions and the OGLE data (Mro´z et al.
2017; Niikura et al. 2019a).
3.2. A determination of the normalization of BH mass
function
To further proceed with a calculation of the microlensing
event rates (Eq. 6), we need to model the spatial and velocity
distributions of the lensing objects (MS stars and the stellar
remnants) in the Galactic bulge and disk regions. In this paper
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we employ the same method as in Niikura et al. (2019b), and
here briefly describe the method.
For the mass distribution of the Galactic bulge, we employ
the model of spheroidal mass profile as in Kent (1992):
ρb(x, y, z) =

1.04 M/pc3 × 106
( s
0.482
)−1.85
, (s < 938 pc)
3.53 M/pc3 K0
( s
667
)
, (s ≥ 938 pc),
(20)
where K0(x) is the modified Bessel function of zeroth order
of the second kind, s4 ≡ R4 + (z/0.61)4, and R2 ≡ x2 + y2 (see
Section 2.2 for the definition of the coordinate system). Note
the coordinates, s, x, y and z are all in units of parsec (pc).
For the Galactic disk, we employ the exponential disk
model as in Bahcall (1986):
ρd(R, z) = 0.06 M/pc3 × exp
[
−
(
R − 8000
3500
+
|z|
325
)]
. (21)
This model assumes that the disk has an exponential mass
distribution with vertical and radial scale lengths of 325 pc
and 3500 pc, respectively.
The above Galactic bulge and disk models are based on var-
ious observations such as the luminosity functions and kine-
matics of stars. The Galactic bulge and disk models (Eqs. 20
and 21) have the form given by
ρ(x, y, z) = ρ∗ f (x, y, z), (22)
where ρ∗ is the normalization constant, which has a dimension
of [M/pc3], and the function f (x, y, z) is a dimension-less
function that describes the spatial structure of the mass distri-
bution. For the models of Eqs. (20) and (21), ρ∗ = 1.04 or
3.53 M/pc3 for the Galactic bulge, while ρ∗ = 0.06 M/pc3
for the Galactic disk.
Recalling the fact that the total stellar mass is given by the
integral
∫
d ln M Mdn/d ln M, the integrand peaks at 0.5 M
as indicated by Fig. 1. This means that the stellar mass of the
MW is dominated by MS stars around ∼ 0.5 M. Assuming
Eq. (10) for the mass function of MS stars, we can relate the
normalization of the mass function, AMS, to the above ρ∗ via
ρ∗ =
∫ M
0.08M
d ln M M
dn
d ln M
. (23)
Inserting Eq. (10) with αMS1 = 1.3 and αMS2 = 2.0 into the
above equation determines the normalization constant AMS:
AMS ' ρ∗0.863M . (24)
The dimension of AMS is [pc−3] (i.e. the dimension of the
number density as desired). In turn, this determines the nor-
malizations of WD, NS, and BH for an assumed form of the
BH mass function. We further assume the same mass distri-
bution for each of the MS stars and the stellar remnants (WD,
NS, and BH) everywhere in the disk and bulge regions. For
example, from Eqs. (15), (16) and (24), the spatial distribution
of NS is given as
nNS(x, y, z; MNS)dMNS ' 0.035ρ∗0.863M f (x, y, z)
× 1√
2piσNS
exp
− (MNS − M¯MS)2
2σ2NS
 dMNS,
(25)
where we have used ANS ' 0.035AMS from Eq. (16) assuming
αMS2 = 2.0. Similarly, we can determine the spatial distribu-
tions and mass spectra at each spatial position in the MW for
MS stars, WD, and BH populations under the assumptions we
employ.
3.3. The velocity distribution of BH
Now we describe the model of the velocity distribution for
MS stars and the stellar remnants. We again employ the stan-
dard Galactic model for the velocity structure and assume that
all the lensing objects obey the same velocity structure as that
of MS stars, which are well studied by proper motion mea-
surements (e.g. Qiu et al. 2020). BHs might have a kick veloc-
ity similar to that of neutron stars, which is believed to origi-
nate from asymmetric supernova explosions. However, in this
paper we are most interested in massive BHs with ≥ 10 M.
Such massive BHs might be from a direct collapse (Belczyn-
ski et al. 2016) or a lifetime with less mass loss than that of
lower mass BHs, such that they are sufficiently massive even
after a supernova explosion (Vink et al. 2001). Hence, for
such massive BHs, we would expect a small kick velocity. In
this paper we simply assume the same velocity distribution
for BHs as that of MS stars, and will give some discussion on
this issue in the conclusion section.
The two-dimensional relative velocity components v⊥
(Eq. 7), relevant for microlensing, arise from combined con-
tributions of the Galactic rotation and the random proper mo-
tions for each of source star, lens, and observer. We assume
that the velocity function of v⊥ is given by the multiplicative
form, for simplicity:
f (v⊥)d2v⊥ = f (vy) f (vz)dvydvz. (26)
In this paper, we assume a Gaussian form for each velocity
component, parameterized by the mean and the width:
f (vi) =
1√
2piσv
exp
[
− (vi − v¯)
2
2σ2v
]
, (27)
where v¯ is the mean and σv is the rms.
Following Han & Gould (1995), we assume that the veloc-
ity function for a lens in the bulge is given by
fy :
{
−220(1 − β),
√
1 + β2100
}
fz :
{
0,
√
1 + β2100
}
, (28)
where β = dl/ds, the first quantity in the curly brackets de-
notes the mean (v¯), and the second quantity denotes the rms
(σv). Note that all the quantities are in units of [km s−1].
Here we assume 100 km s−1 for the random velocity disper-
sion per component and 220 km s−1 for the Galactic rotation
(rotation velocity of an observer with respect to the Galac-
tic center). Here we also simply assume that the y-direction
is along the Galactic rotation direction, which is a good ap-
proximation for an observation of the Galactic bulge region
as `, b ≈ 0 degrees.
For a lens in the Galactic disk, we assume that the velocity
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function is given by
fy :
{
220β,
√
(κδ + 30)2 + (100β)2
}
,
fz :
{
0,
√
(λδ + 30)2 + (100β)2
}
, (29)
where κ = 5.625 × 10−3 km s−1 pc−1, λ = 3.75 ×
10−3 km s−1 pc−1, and δ = x − 8000 pc (x is in units of pc).
Thus we include the spatial gradient of the velocity dispersion
of stars against distance from the Galactic center.
4. RESULTS
We are now in a position to compute the event rate for each
population (MS, WD, NS, or BH) by plugging the number
density and velocity distributions of each population we have
obtained up to the preceding section into Eq. (6). In this sec-
tion, we show the main results of this paper.
4.1. The impact of LIGO-GW mass scale BHs on the
microlensing events
The expected number of microlensing events in a given
range of the i-th light curve timescale bin, tE = [tE,i −
∆tE,i/2, tE,i + ∆tE,i/2], for a given monitoring observation of
the Galactic bulge region is given as
Nexp = tobsNs
∫ tE,i+∆tE,i/2
tE,i−∆tE,i/2
dtE
dΓ
dtE
(tE)
' tobsNs dΓdtE
∣∣∣∣∣
tE,i
tE,i × ∆ ln tE × (tE,i), (30)
where tobs is the duration of the monitoring observation, Ns
is the number of source stars, ∆ ln tE is the bin width in the
logarithmic timescale intervals, and (tE) is a detection effi-
ciency quantifying the probability that a microlensing event
of timescale tE is detected by the observation. In the follow-
ing we consider logarithmically evenly-spaced bins of tE , so
∆ ln tE = constant.
In this paper, we consider a hypothetical monitoring obser-
vation with LSST over 10 years (i.e. tobs = 10 yrs). Thanks to
the anticipated excellent image quality, the large aperture, and
the wide field-of-view, LSST is expected to produce an ideal
dataset for exploring microlensing events. Following Lu et al.
(2019), we assume that such a dedicated LSST observation
allows for the monitoring of billions of stars in the Galactic
bulge region: that is, we assume Ns = 109. This number
is contrasted with that for the OGLE experiment, which has
been using about 4.88 × 107 source stars with the 1.3 m dedi-
cated telescope (Mro´z et al. 2017). Hence we think Ns = 109
for LSST is reasonable, but needs a more careful study based
on actual data. As is obvious from the above equation, if we
use a smaller number of source stars than what we assume,
the number of events simply decreases by the ratio factor. We
would need a dedicated study to determine the efficiency func-
tion; e.g. we could use simulated images or inject simulated
images of microlensing light curves into actual data, and then
study the probability of recovering the injected events as a
function of various observation conditions. This is beyond the
scope of this paper. Instead, we will below discuss how effi-
ciency depends on the observation cadence. For the moment,
we simply assume  = 1, i.e. an ideal case.
In Fig. 2 we show the expected number of microlensing
events as a function of the light curve timescale tE , expected
for a hypothetical 10-year monitoring observation of 109 stars
in the Galactic bulge with LSST. Here we used the model de-
scribed in Section 2. First of all, the figure clearly displays
that LSST would enable one to find millions of microlens-
ing events in total, showing the power of LSST, if 109 source
stars are used for the microlensing search. The different lines
show the results for different populations of MS, WD, NS,
and BH, assuming their mass functions in Fig. 1. Most no-
tably, the black dashed and solid lines for the Gaussian and
power-law mass function of BHs, respectively, give substan-
tially different numbers of microlensing events, even though
the two models have the same number of BHs. A power-law
model for BHs predicts that BHs are a dominant source of
microlensing events in each bin of tE & 100 days, even if
the number of BHs is only 0.6% of the number of MS stars
in our model (Eq. 18). To be more precise, an LSST obser-
vation would allow us to find about 3.1 × 104 BH events.
A Gaussian BH model leads to a factor of about 3 fewer
events. For events at tE & 103 days, most events are from BHs
with masses greater than 20M. This boosted number of mi-
crolensing events at such long timescales is due to the mass
boost in the microlensing event rate for such long-timescale
events (Γ ∝ M2), as explained around Eq. (9). Also note that
all lines of each population show an asymptotic behavior of
Nexp ∝ t−3E in large tE bins in this logarithmically-spaced bin-
ning, again as explained by Eq. (9). This is a consequence
of the tE-distributions if all the lens populations follow the
same (or similar) spatial and velocity distributions. Thus we
conclude that, if BHs have an underlying power-law mass dis-
tribution extending to & 20M, a measurement of microlens-
ing tE-distribution allows for a direct test of the existence of
such heavy BHs in the MW Galaxy, in the statistical sense.
Since these events have a long timescale light curve, it would
also be easier to make a follow-up observation of individual
events, which would help to discriminate secure candidates of
BH microlensing on an individual basis. Note that the numer-
ical integration of Eq. (6) fully converges for tE & 102 days,
which is our timescale of interest.
Blue lines in Fig. 3 show the differential contributions of
BHs, divided into different mass bins, to the total event num-
ber. All the lines have an asymptotic behavior of the tE-
distribution as Nexp ∝ t−3E . The figure clearly shows that
the microlensing events at longer timescales are dominated
by heavier BHs, as expected. However, each line displays a
wide tE-distribution, spanning two orders of magnitude in tE
(x-axis), with the range of event number varying over one or-
der of magnitude (y-axis). BHs with M & 30M give about
104 events, about one third of all BH events.
In Fig. 4 we study how varying the slope of the BH mass
function, parametrized by dnBH/d ln MBH ∝ M1−αBHBH , alters
the predictions of microlensing events. Our default model is
a Salpeter-like mass function, given by αBH = 2. Note that all
the models satisfy the number conservation between ZAMS
massive stars and the BH remnants according to our method
(Section 3): that is, all the models have the same number of
BHs. As is obvious from the figure, increasing the relative
populations of heavier BHs leads to a boost in the number of
microlensing events at longer timescales. Among the three
cases, the model with the shallowest slope, αBH = 1, leads to
the largest population of such long-timescale events.
In Fig. 5 we study the model predictions for differing
choices of the maximum mass cut in the BH mass function:
Mcut = 40, 70, or 100M, respectively, where Mcut = 70M is
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Figure 2. Expected number of microlensing events in each bin of the light curve timescale (tE), for a hypothetical monitoring observation of source stars in the
Galactic bulge region with the LSST, obtained by assuming the star and stellar remnant populations and the standard model of Galactic structures (spatial and
velocity distributions). Here we assume tobs = 10 yrs for the duration of observation, Ns = 109 for the number of source stars, and ∆ log10 tE = 0.1 (10 bins in one
decade of tE) corresponding to ∆ ln tE ' 0.23. The thin red, blue and green lines are the contributions from main-sequence (MS) stars, white dwarfs (WD), and
neutron stars (NS), respectively, assuming their mass functions in Fig. 1. The black dashed and solid lines are the contributions from black holes (BH) assuming
the Gaussian and power-law mass functions in Fig. 1, respectively. The top, thick solid and dashed lines are the total contributions for the two models of black
holes.
our default model. Similarly to other figures, in this figure, the
existence of heavier BHs leads to a larger number of events at
longer timescales.
Moreover, motivated by the recent work (Woosley et al.
2020) that claims that BH mass might have a preferred mass
scale at birth as a consequence of the stellar evolution, we
also consider a contribution to microlensing arising from the
secondary population of BHs, modeled by a Gaussian form
with Mbump = 37.5M and width σ = 1 M. The preferred
mass scale roughly corresponds to the mass scale of binary
BH systems for the first LIGO GW event, GW150914 (Ab-
bott et al. 2016b). In the upper panel of Fig. 6, we show the
BH mass function which we model as a sum of the power-
law and Gaussian contributions. We parametrize this model
by a fraction of the Gaussian component, fbump, to the total
number of BHs: here we consider fbump = 0.1 or 0.3. The
case of fbump = 0.1 is intended to roughly reproduce Fig. 6
in (Woosley et al. 2020). Note that Fig. 6 in their paper plots
dnBH/dM, instead of dnBH/d ln M. This is a toy model, but
the purpose is to study the impact of a specific feature in the
BH mass function on the microlensing event rate. The lower
panel of Fig. 6 shows the expected number of microlensing
events. Even if the BH mass function has such a sharp fea-
ture around the particular mass scale, it does not imprint a
corresponding feature in the tE-distribution of microlensing
events, as explained by Fig. 3. Therefore, we conclude that it
is difficult to explore a narrow feature of the underlying BH
mass function from the tE-distribution of microlensing events
in the statistical sense. Nevertheless, if we can make a follow-
up study of individual secure events of BH microlensing, e.g.
microlensing parallax (Gould 2000), it would be possible to
reconstruct the mass distribution of BHs.
4.2. Evaluating LSST Cadences
Here we study how a monitoring observation of the Galac-
tic bulge with LSST allows us to explore microlensing events.
To do this, we evaluate the performance of the three ca-
dences considered in the LSST collaboration: the “baseline”
cadence3, which is an algorithmically determined cadence
with a few deep drilling spots; the “bulge” focused cadence4,
which is a similarly algorithmically determined cadence with
3 baseline v1.3 10yrs
4 bulges cadence bulge wfdv1.3 10yrs
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Figure 3. Similar to the previous plot, but blue lines show differential contri-
butions of black holes, divided into different mass bins, to the total number of
microlensing events. The top, thick line is the same as in Fig. 2, showing the
total number obtained assuming the power-law mass function of black holes
in Fig. 1. The blue lines show the contributions for each of 9 black hole sub-
samples that are evenly spaced in the logarithmic space of black hole mass
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Figure 4. Dependence of the microlensing events on the mass slope of BH
mass function. The orange solid and dashed lines are the same as those in
Fig 2. The solid line is our default model, where we assume a Salpeter-
like slope of αBH = 2 for the mass slope of BH mass function, defined as
dnBH/d ln M ∝ M1−αBH . The blue and green lines are the results for αBH = 1
and 3, respectively. We impose the number conservation between ZAMS
massive stars and BHs; the number of BHs in the Galactic bulge and disk re-
gions are the same for all the models. For comparison, the thick, dashed line,
the same as in Fig. 2, shows the model prediction for a model of Gaussian
BH mass function in Fig. 1.
a focus on the Galactic bulge; and the “altLike” cadence5,
which is a deterministic cadence that scans the meridian of
the sky as it passes overhead. The simulated cadences are
from the OpSim database (Delgado & Reuter 2016; Reuter
et al. 2016) made by the Rubin Observatory team, which take
5 altLike v1.3 10yrs
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Figure 5. Similar to the previous figure, but dependence of the microlensing
events on the maximum mass cut of BH. While we assume Mmax = 70M for
a maximum mass of BHs in our default model (orange line), the green and
blue lines show the results if we assume Mmax = 40 or 100M, respectively.
Again we impose the number conservation: all the results have the same
number of BHs.
into account historical weather conditions and other variables.
We extract cadence information from eight fields around the
bulge (270◦,−30◦) each ranging 3.5◦ in RA and Dec around
the center of the field of view to correspond to the LSST field
of view. The center of each field of view is 4◦ apart so they do
not overlap.
To evaluate the cadences, we simulate 10,800 light curves
with various tE , t0, and umin. We choose ten values of tE loga-
rithmically spaced between 0 and 2000 days; the upper bound
is due to the event rate dropping off at around this value (see
Fig. 2). We choose 120 values of t0 spaced evenly for the 10
year survey, so there is one month between each value. We
choose ten values of umin, evenly spaced from 0 to 1. We then
sample these light curves with the simulated cadences.
We consider a microlensing event “detected” with A ≥ 1.1
and at least four observations on either side of the peak of the
simulated light curve. This ensures that it is observed at least
two nights before and after the magnification peak since often
two observations will be taken on one night.
By plotting the detection efficiency (see Fig. 7) as a function
of tE , we can see that the “altLike” cadence achieves the high-
est efficiency, the bulge cadence achieves the second highest,
and the baseline cadence achieves the lowest. At high Ein-
stein crossing times (over 100 days), there is no significant
difference between the cadences. At maximum efficiency they
detect nearly all the events. It is likely that the cadences do
not detect all of the events due to some of the events having
their peak extremely close to when the cadences begin or end
their observations, so the telescope is unable to make four ob-
servations before and after the peak for those events.
5. DISCUSSION AND CONCLUSION
In this paper we have studied how microlensing observation
can be used to explore a population of BHs that exist in the
Galactic bulge and disk regions, motived by the LIGO/Virgo
GW events due to binary black hole systems that indicate a
population of heavier BHs with masses & 30 M than the
previously anticipated mass scale of ∼ 8M. We showed
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Figure 6. Upper panel: The BH mass function that is modeled by a sum of
the power-law contribution and the Gaussian component, which is motivated
by the recent study in Woosley et al. (2020). For the Gaussian component,
we consider a Gaussian with mean Mbump = 37.5M and width σ = 1M,
while we consider αBH = 2 for the slope of the power-law component. We
parametrize the mass function by a fraction of the Gaussian component to
the total number of BH: we consider fbump = 0 (default), 0.1, or 0.3. All the
models have the same number of BHs. For comparison, the dashed line shows
the mass function of ZAMS progenitors of BHs. Lower panel: Expected
number of microlensing events for the three cases of BH mass function.
that, if BHs have a Salpeter-like mass function extending up
to 70M in our default model, the BH population yields a
dominant source of microlensing events at longer timescales,
tE & 100 days (Fig. 2). We showed that a tiny population of
such heavier BHs could alter the tE-distribution of microlens-
ing events at such long timescales due to the boost of mi-
crolensing event rates given by M2 for a fixed tE (Figs. 3–
5). In our fiducial model, we assume about 6 × 10−4 BHs of
≥ 40M per main-sequence star. To find this result we as-
sume the number conservation between BHs and the massive
progenitors of zero-age main sequence stars and that the BH
population follows the same spatial and velocity structures
as those of the surviving main sequence stars in the Galactic
bulge and disk regions. If LSST carries out a suitable cadence
observation to monitor 109 source stars towards the Galactic
bulge over 10 years, it could detect more than 3 × 104 BH
Figure 7. Detection efficiency of the three LSST cadences as a function of
tE [days]. At low tE , the altLike cadence does better than the bulge cadence
which does better than the baseline cadence. However, at high tE , all three
are at approximately the same detection efficiency. They are not at 100% due
to edge effects.
microlensing events thanks to its unique capability. However,
the Galactic bulge region usually has a large dust extinction,
so it requires a more careful study of how an optical telescope
such as LSST can carry out an efficient microlensing obser-
vation in the bulge region. Our results might be compared to
Lam et al. (2020), which shows different event rates from our
results. The difference is mainly from the different BH mass
function; Lam et al. (2020) employed the BH mass function
with maximum mass cut around M ∼ 16M, and did not in-
clude a population of the heavier BHs in the event rate evalu-
ation.
The origin of LIGO/Virgo BHs is poorly understood. As
we showed, microlensing can be a powerful tool to explore
the nature of the BH population in the MW. Here, microlens-
ing is complementary to the statistical method using the GW
BBH events, which are sensitive to close-orbit and heavier
BHs due to the dependences of LIGO/Virgo GW sensitivi-
ties on properties of BBH systems. On the other hand, mi-
crolensing is sensitive to both isolated BHs and wide-orbit
BBH systems. If a characteristic signature in the microlensing
light curve due to binary systems is detected, the microlensing
method could provide useful information on the binary frac-
tion of BHs. Furthermore combining the microlensing con-
straints and the LIGO BBH population studies would give a
coherent picture of the origin of the BH population.
A major assumption in our analysis is that the velocity dis-
tribution of BHs is the same as that of the main sequence stars,
which has been well studied. BHs may have a large kick ve-
locity due to anisotropic supernova explosions, so they may
have faster velocities on average than main sequence stars do.
A faster-moving, heavier lens would produce a similar mi-
crolensing timescale to that of a slower-moving, lighter lens.
Thus an observation of the light curve alone would cause de-
generacies in parameters of individual lenses. In addition,
if BHs have faster velocities on average than those of main-
sequence stars, it would weaken the shoulder-like feature of
the tE-distribution in Fig. 2 (the tE-distribution of BHs would
shift left horizontally in the figure). To overcome this obsta-
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cle, a detailed follow-up observation of individual secure can-
didates of BH microlensing would be useful. For example,
we can explore the microlensing parallax (Gould 2000) (also
see Gaudi et al. 2008; Bennett et al. 2010) to disentangle the
parameter degeneracies. This would be possible if LSST and
the Roman Space Telescope monitored the light curve of the
same object at the same time. Combining the light curve with
proper motion measurements, pre- or post-microlensing ob-
servation would also be useful. For a BH lens system, one
can only observe the source star, so one could disentangle
properties of the lens-source system provided the combined
information of proper motion and source flux (Wyrzykowski
& Mandel 2020), if the source star is resolved. The Japan-
led JASMINE satellite project6 (Kobayashi et al. 2012) would
give useful information on the proper motion, if the observa-
tion region has an overlap with the LSST microlensing ob-
servation region. The European Extremely Large Telescope7
would also be useful thanks to the superb angular resolution
by Adaptive Optics. These are all interesting possibilities
worth further investigation to be presented elsewhere.
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